R ecent studies have identified V␣14-J␣18 NKT cells, a conserved population of CD1d-autoreactive CD4
ϩ and double-negative T cells, and suggested its involvement in the regulation of a number of autoimmune, infectious, and cancer conditions (reviewed in Refs 1 and 2). V␣14 NKT cells have long been confused with NK cells because they share the expression of various receptors encoded by the NK gene complex, such as NK1.1, and are sensitive to the same type of Ab-mediated depletion experiments that have been used to determine the functions of NK cells in vivo. NKT and NK cells also share functional similarities and intricacies in vivo because both respond to IL-12 by rapidly releasing IFN-␥, and because NKT cell activation by its cognate glycolipid Ag ␣-galactosylceramide rapidly transactivates NK cells in vivo (3, 4) .
The mechanisms underlying the antitumor activity of IL-12 illustrate some of the difficulties recently encountered in dissecting the specific contribution of NK and NKT cells. The beneficial effects of exogenously administered IL-12 in antitumor therapy were first ascribed to the recruitment and activation of CD8 ϩ CTL or conventional NK cells (reviewed in Ref. 5 ). Indeed, depending on the model studied, the abrogation of one or the other subset significantly reduced the therapeutic benefit of IL-12. More recently, however, using J␣18-deficient mice lacking NKT cells, as well as RAG 0 .V␣14-J␣18/V␤8 TCR transgenic mice lacking NK cells, Cui et al. (6) suggested that V␣14 NKT cells were not only necessary, but also sufficient for tumor rejection. Their findings in three of three tumor models investigated suggested that V␣14 NKT cells functioned as the obligate mediator of all the antitumor effects of IL-12. This requirement of NKT cells has not been systematically confirmed by others, because, based on the study of RAG 0 mice treated with anti-NK1.1 Ab, NK cells rather than NKT cells were suggested to induce protection against B16 melanoma cells (7). However, in support of the importance of NKT cells, Smyth et al. (8) found a correlation between the NKT dependence and the IL-12 dependence of the rejection of some tumors.
Similar confusion exists in the understanding of the cellular mechanisms underlying the generalized Shwartzman reaction, a model of IL-12-mediated septic shock induced by repeated exposure to LPS. Although NK cells were thought to be the essential cell type in the sequence of events leading to the lethal shock (9), this was not confirmed in a genetic model of NK deficiency in mice (10) . In contrast, another study reported that both J␣18 0 and CD1d 0 mice lacking NKT cells, but otherwise normal with respect to NK cells and conventional T cells, resisted more efficiently to LPS-induced death than control wild-type mice, suggesting a prominent role of NKT cells in the IL-12-induced shock (11) .
To reconcile these discrepancies, several authors have proposed a threshold model whereby high doses of IL-12, in the case of tumor therapy, or high doses of LPS in the Shwartzman reaction recruited both NKT and NK cells, each one being able to mediate an efficient response, whereas infraoptimal doses of the same stimuli selectively recruited NKT cells (11, 12) . The model was supported by IL-12 titration experiments in the Shwartzman reaction. Because the physiological role of NK and NKT cells needed to be further clarified in view of their putative contribution to a large variety of biological responses, we have tested experimentally the threshold hypothesis in the IL-12-mediated tumor rejection model. Our data failed to confirm the hypothesis that NKT cells become the critical effector cell type when the IL-12 stimulus reaches infraoptimal zones. In contrast, we report that the site of implantation of the tumor critically affects the nature of the cell types recruited by IL-12, which include NK cells as well as other ␥c-dependent non-T non-B cells. 
Tumor cell injection and IL-12 treatment
B16.F10 melanoma cells were obtained from N. P. Restifo (National Institutes of Health, Bethesda, MD) and cultured in RPMI enriched with 10% FCS (Biofluids, Rockville, MD) and antibiotics. The cell line tested negative for mycoplasma and other transmissible infectious agents. A total of 0.4 -1 ϫ 10 6 cells resuspended in PBS were injected into the s.c. tissue of the flank, or into the portal system through intrasplenic injection of 0.1 ml cell suspension, immediately followed by splenectomy (day 0). Mouse rIL-12 (2.6 ϫ 10 6 U/mg; a gift from Genetics Institute, Cambridge, MA) was injected i.p. at days 1, 3, 5, and 9. Tumor growth was assessed by measuring two perpendicular diameters of the skin tumor, or by weighing the whole liver for liver metastases.
Ab treatment
Mice were injected on days Ϫ5 and Ϫ2 with 200 g purified PK136 anti-NK1.1 mAb or control isotype-matched 14.4.4S anti-I-E mAb. Depletion was monitored by staining with anti-CD3 and DX5 mAb.
Flow cytometry
Liver lymphocytes were collected and stained using APC-conjugated CD1d-␣GalCer tetramers, anti-NK1.1 PE, annexin V FITC, or anti-5-bromo-2Ј-deoxyuridine (BrdU) 3 FITC, as previously described (14) . Continuous BrdU exposure in drinking water and BrdU staining were as recommended by BD PharMingen (San Diego, CA).
Results

Rejection of B16 tumor cells by therapeutic doses of IL-12
The B16 melanoma line has been largely used in IL-12 antitumor therapy studies and is at the center of the controversy regarding the specific involvement of NK vs NKT cells (6) . Although the tumor line does not metastasize spontaneously, one can mimic the metastatic process by inoculating tumor cells i.v. for the lung metastasis or intrasplenically for liver metastasis. In contrast, when injected s.c. or in the muscle, B16 cells expand as a single solid tumor mass. We have examined the two modes of expansion, local upon inoculation in the flank and metastatic following embolization in the liver through intrasplenic injection. No differences in tumor growth between wild-type and NKT-deficient mice could be observed in the absence of IL-12. When repeatedly injected i.p. with 500 ng of IL-12, both CD1 ϩ/Ϫ and CD1 Ϫ/Ϫ slowed the growth of B16 in the s.c. tissue to a similar extent (Fig. 1A) . Similarly, CD1d expression had no influence on the liver metastastic process (Fig. 1B) . These results showed that, irrespective of the site of inoculation, therapeutic doses of IL-12 were as effective in normal mice as in NKT-deficient mice. Thus, using one of the same tumor types and the same IL-12 treatment regimen as Cui et al. (6) , our data did not support the notion that NKT cells were systematically required for the IL-12-mediated rejection of tumors.
Rejection of B16 tumor cells by suboptimal doses of IL-12
To directly test the threshold hypothesis, we performed additional experiments to ask whether suboptimal doses of IL-12 might reveal an essential role of NKT cells. Two independent experiments were performed, and their pooled results are presented in Fig. 2 .
Cohorts of CD1
Ϫ/Ϫ and heterozygous (ϩ/Ϫ) littermates were inoculated in the spleen with B16 cells and subsequently treated with varying amounts of IL-12 ranging from 200 to 2 ng repeated four times at days 1, 3, 5, and 9. There was a clear dose effect because, whereas protection was almost complete at 100 ng, it decreased at 50 ng, and the difference with the PBS-treated group was marginal at 10 ng. The most important point demonstrated by these experiments, however, was that mice deficient in NKT cells behave like heterozygous littermates at every dose tested. Thus, there was no indication that NKT-deficient mice were less sensitive than littermate controls to low doses of IL-12.
Different contribution of NK cells and other ␥c-dependent non-T non-B cells depending on the mode of inoculation
The contribution of NK1.1 ϩ cells to IL-12 therapy was further examined in experiments in which RAG2 0 mice, naturally lacking both NKT and mainstream T cells, were further depleted of NK cells by PK136 anti-NK1.1 Abs.
We investigated the two modes of inoculation, the flank for local tumor growth (Fig. 3A) and the spleen for visceral metastatic dissemination (Fig. 3B) . In both models, RAG2 0 mice rejected the 3 Abbreviations used in this paper: BrdU, 5-bromo-2Ј-deoxyuridine; DC, dendritic cell; MCA, methylcholanthrene. tumor as well as wild-type mice in response to IL-12, suggesting the lack of requirement for components of adaptive immunity in this system (compare Figs. 1A and 3A and Figs. 1B and 3B). However, the two models revealed different requirements. Thus, the depletion of NK1.1 ϩ NK cells did not alter the therapeutic effect of IL-12 against s.c. tumor growth (Fig. 3A) . In contrast, it abrogated protection against liver metastasis (Fig. 3B) . Thus, the presence of CD3 Ϫ NK1.1 ϩ cells, but not NKT cells, seemed to be clearly required to mediate the antitumor effects of IL-12 in the liver, whereas in the s.c. tissue, none of these cell types appeared to be necessary.
To gain further insights into the cellular nature of the IL-12 target mediating IFN-␥ secretion and tumor rejection in the skin model, we tested RAG.␥ c doubly deficient mice, which are severely impaired in all lymphoid lineages, including B, T, NKT, NK, and lymphoid dendritic cells (DC). As shown in Fig. 4 , these mice lost the antitumor response to IL-12 when inoculated with B16 s.c. This result contrasted with the indifference of RAG2 0 mice to PK136-mediated ablation of NK cells, and suggested that a distinct population of ␥c-dependent non-T non-B non-NK cells was required for rejection of s.c. tumors.
NKT cell activation by IL-12 injected in vivo
The above results suggesting that NKT cells may not be, as initially reported, essential for IL-12-mediated tumor rejection prompted us to re-evaluate the claim that NKT cells were highly responsive to IL-12 in vivo (15) . In mice injected with IL-12, NKT cells underwent rapid activation-induced cell death. We found a prompt down-modulation of NK1.1 associated with a gain of annexin V staining, suggesting apoptosis (Fig. 5A) . In contrast, NK1.1 ϩ CD1d-␣GalCer Ϫ cells (mainly NK cells) did not downmodulate NK1.1 and appeared conserved. At day 2, NKT cells were virtually absent from the liver, whereas NK cells were conserved (not shown). By day 5 after a single injection of IL-12, NKT cells were back to subnormal levels (Fig. 5B) . Interestingly, most of these NKT cells were BrdU positive, indicating that they were the progeny of dividing cells. Altogether, these results are consistent with a previously published study (15) reporting drastic effects of IL-12 on NKT cells in vivo, with rapid activation-induced cell death followed by renewal from a pool of dividing cells.
The present study demonstrates that these striking effects did not appear to be necessary for the rejection of B16 tumors.
Discussion
Several lines of experiments pioneered by Coley (referred to in Ref. 16 ) have established that microbial challenges could elicit various antitumor effects in mice and humans. Recent progress suggested that the underlying mechanisms involved the activation of innate immunity receptors, particularly Toll receptors, by various microbial products, leading to APC activation (reviewed in Ref. 17) . The activation of DC by Toll receptors induces, among many essential costimulatory molecules, chemokines, and cytokines, the abrupt secretion of IL-12. IL-12 induces IFN-␥ release from various cellular sources, exerting significant antitumor effects both in natural as well as in experimental tumorigenesis. Thus, for example, IFN-␥ enhances tumor Ag presentation to CTL, exerts antiangiogenetic effects through the induction of IFN-␥-inducible protein-10 and monokine induced by IFN-␥, and may also directly prevent tumorigenesis by activating IFN regulatory factor-1 (18) .
Independently from microbial challenges, NKT cell activation by their cognate glycolipid ligand can also elicit a cascade including IL-12 secretion by DC through cognate NKT-DC interaction (19) , and subsequent activation of both IFN-␥ secretion and cytolytic properties of NK cells (3, 4) . Importantly, NKT cells have been reported to be recruited in the natural surveillance of fibrosarcomas induced by methylcholanthrene (MCA) injection as well as in the rejection of transplants of MCA-induced tumors (8, 20) . In this system, NKT cell activation appeared to be mediated by the recognition of CD1d complexed with natural ligands expressed on nontumor cells, possibly DC, rather than on tumor cells that did not express CD1d.
Thus, IL-12 appears to be at the center of a number of intricated and overlapping mechanisms leading to the natural or therapeutic rejection of many tumors. Although many cellular targets of IL-12 can be induced to secrete IFN-␥, recent reports have suggested a hierarchy based on their relative contribution. Taniguchi and colleagues (6) suggested that V␣14 NKT cells, but not T cells or NK cells, were a necessary component of the immune network, leading to tumor rejection in three of three tumor systems tested, including B16 melanoma, LLC lung carcinoma, and FBL3 erythroleukemia. Others reported that NKT cells expressed higher levels of the IL-12R␤1 and ␤2 mRNA (21) , and were more sensitive to low doses of IL-12 than NK cells (11) . Because many tumors, including B16, do not express surface CD1d, the antitumor mechanism elicited by NKT cells might be a direct, NK-like killing of tumor cells by activated NKT cells themselves or by recruited NK cells, or, alternatively, noncytolytic mechanisms induced by the IFN-␥ released from NKT cells. However, other studies challenged these results. For example, lymphoid DC were suggested to be the major source of IFN-␥ after IL-12 injection (22) . In addition, IL-12 induced the same pattern of rejection of B16 lung metastasis in RAG 0 and in wild-type mice (7) . Interestingly, the controversy over the cellular targets of IL-12 extends to the Schwartzman reaction, in which the respective contribution of NKT cells, NK cells, and other cell types has not been fully resolved (11, 23) .
In this study, we have re-examined the effect of IL-12 on one of the three tumor types studied by Taniguchi and colleagues (6) . We confirmed that, concomitantly with the extensive activation, cell division, and death of NKT cells, IL-12 induced the rejection of the tumor inoculated intrasplenically or s.c. However, we failed to observe a requirement of these NKT cells for tumor clearance over a broad range of doses administered i.p. at days 1, 3, 5, and 9, according to the protocol used by Taniguchi and colleagues. The basis for these discrepancies is unclear at present, and may involve different tumor sublines or differences in mouse colonies. Furthermore, it is possible that the CD1d-deficient mice used in our study differed significantly from the J␣18-deficient mice used in the previous study, although it is expected that the loss-of-function phenotype should be conserved. For example, one might envision a more complex scenario whereby two opposing subsets contributed to the IL-12 effect, the V␣14-J␣18 cells being protective, while another hypothetical subset regulated by CD1d was aggravating. Our results, however, are important in that they directly challenge the prevailing notion that NKT cells are systematically required for rejection of tumors mediated by high or low doses of IL-12. Recent studies of the Schwartzman reaction have also challenged the notion that NKT cells were required to observe the lethal effects of LPS injection (23) (our data not shown). Altogether, these results suggest that a reassessment of the conditions under which NKT cells may be necessary is warranted. In this respect, a recent study indicated that, while NK cells dominated the early rejection of an MCA-induced sarcoma following cyclophosphamide and IL-12 treatment, a role for CD1d-restricted NKT cells could be suggested by the late tumor recurrence in CD1d-deficient mice (24) .
Interestingly, our comparison of the patterns of tumor growth in different tissue environments of immunological mutant mice has revealed unexpected differences in the effector mechanisms leading to tumor rejection under IL-12 treatment. Thus, rejection of liver metastasis was conserved in RAG 0 mice, but disappeared after treatment of these RAG 0 mice with anti-NK1.1 mAb, suggesting a prominent role of NK cells in this location. This conclusion is consistent with the high frequency of NK cells in the liver and their demonstrated functions in other systems. In contrast, the same anti-NK1.1 treatment did not alter the rejection of skin tumors, suggesting that NK cells were not operating in this location. However, our finding that RAG.␥c doubly mutant mice failed to reject the skin tumors suggested the involvement of yet another cell type, which can be operationally defined as ␥c-dependent non-T non-B non-NK cell. One attractive candidate is the lymphoid DC, which is ␥c dependent and has been reported to be the main source of IFN-␥ following IL-12 treatment (22) . A definitive test of this hypothesis awaits the development of a methodology to selectively deplete lymphoid DC in vivo. It is conceivable that solid skin tumors are refractory to NK cell attack, but are most effectively controlled by the antiangiogenetic factors elicited by IFN-␥. It should be noted that the same cell type could also be essential in the rejection of liver metastasis, which might depend on the combined activation of NK cells locally and the presence of high IFN-␥ levels systematically.
In conclusion, our study directly challenges the model suggesting that all antitumor effects of IL-12 are mediated by NKT cells, and further suggests that the notion that NKT cells are the most sensitive targets of IL-12 needs to be experimentally re-examined in vivo. Our results instead reveal a complexity of mechanisms depending on specific microenvironments as well as tumor cell types, which will be important to dissect for further understanding on the physiological as well as therapeutic roles of IL-12.
